INTRODUCTION
============

Chronic rhinosinusitis (CRS) is a common upper airway disease that affects 5 to 16% of the global population and has a significant socioeconomic impact. CRS is characterized by inflammation of the sinonasal mucosa for longer than 12 weeks, and is clinically associated with nasal obstruction, loss of sense of smell, nasal drainage, and facial pain. CRS can be subdivided into two major categories based on the presence (CRSwNP) or absence (CRSsNP) of nasal polyps (NPs) ([@B1][@B2]). Many contributing factors have been identified, including allergic responses, bacterial and fungal colonization, biofilm formation, the superantigen effect, immune dysfunction, impaired epithelial defense, and environmental exposures. Recently, defects in the innate immune function of the upper airway epithelium have been reported to play a role in the initial inflammatory response leading to CRS. Subsequent recruitment and activation of eosinophils, neutrophils, mast cells, basophils, and innate lymphoid cells further contributes to a chronic inflammatory response and directly activates adaptive immune cells, including T and B lymphocytes ([@B3][@B4]). CRSsNP is histologically characterized by basement membrane thickening, excessive numbers of goblet cells, submucosal gland hyperplasia and hypertrophy, and fibrosis. In contrast, CRSwNP is distinguished by stromal tissue edema, formation of pseudocysts, and significant immune cell infiltrate. However, the precise pathophysiological mechanisms that cause persistent, exaggerated sinonasal inflammation remain to be elucidated. Further studies are required to explain the high proportion of patients with CRS refractory to current conventional pharmacologic treatment. Recent advancements in our understanding of this disease\'s pathogenesis are highlighted in this review, with a special focus on immune cell responses and epithelial disruptions.

VARIED IMMUNE CELL RESPONSES IN CRS: WESTERN VS. ASIAN PATIENTS
===============================================================

CRS has been intensively investigated over the past several decades. CRSwNP, one of the most extensively studied CRS subtypes, is typically associated with a type 2 inflammatory environment in Western countries. Th2 inflammation is characterized by infiltration of eosinophils, mast cells, basophils, and lymphocytes. Compared to NPs from Western patients, those from Asian patients are marked by reduced eosinophil numbers, and decreased levels of IL-5, eotaxin, and eosinophil cationic protein. This latter has been established as a standardized marker of tissue eosinophilia and eosinophil activation ([@B5]). Eosinophilic NPs have been recorded in less than 50% of CRSwNP patients in Asian countries ([@B6][@B7][@B8]). Although these studies suggest that eosinophilic NPs are less common in East Asia, some investigations have demonstrated a higher frequency of eosinophilia in NPs among Chinese patients ([@B9]). The discrepancy between these results may be explained by the fact that each research group employed a different system to identify eosinophilia ([@B6][@B9][@B10]).

Pathophysiological classification of CRs
----------------------------------------

The inflammatory patterns of CRSsNP and CRSwNP are known to be different. Although unique characteristics distinguishing CRSsNP from other CRS subtypes remain unconfirmed, this subtype is thought to predominantly involve type 1 inflammation with higher IFN-γ and lower IL-5 expression than that observed in NPs of CRSwNP patients ([@B11][@B12]). Researchers in Belgium, China, and Korea have reported higher IFN-γ levels in patients with CRSsNP than those with CRSwNP ([@B6][@B11][@B13]). However, this classification has been under reconsideration, with several recent studies suggesting that IFN-γ expression is similar in NPs from individuals with CRSwNP and CRSsNP and control subjects ([@B14][@B15]). Together, these findings suggest that CRSsNP may not necessarily imply greater type 1 inflammation. However, variations in protein expression levels between regions of the sinonasal cavity might explain the discrepancies in IFN-γ expression observed among NPs and other tissues. It has also been discovered that levels of TGF-β, a key inducer of fibrosis and airway remodeling, tend to be elevated in CRSsNP in European and Asian countries ([@B16][@B17][@B18]). Interestingly, there seems to be some variation in TGF-β expression between locations within the sinonasal cavity, with the inferior and middle turbinates exhibiting the lowest levels in CRSsNP patients ([@B19]).

In Western populations, CRSwNP is often characterized by type 2 inflammation with elevated levels of Th2 cytokines such as IL-4, IL-5, and IL-13 in sinonasal tissue, along with eosinophilia ([@B11][@B20][@B21]). Accumulating evidence from Asian countries, especially China, Korea, and Japan, shows that CRSwNP in these populations may be characterized by a mixed Th1/Th17 inflammatory pattern, with greater neutrophilic inflammation than that observed in NPs from patients of Western countries ([@B6][@B7][@B22]). Notably, recent studies have demonstrated that the prevalence of eosinophilic NPs is increasing in Asia. For instance, in a study based in Thailand, Katotomichelakis et al. evaluated NPs at two time points, 1999 and 2011, finding that the average number of eosinophils per high power field increased from 5 to 35 over this period ([@B23]). Moreover, Kim et al . found that the prevalence of eosinophilic NPs in Korea has increased to 50.9% ([@B10]). Owing to the uncertainty concerning inflammatory patterns of CRS subtypes, several researchers have proposed new classification strategies. For example, it has been suggested that CRS could be subdivided based on histopathological findings into chronic hyperplastic eosinophilic sinusitis or chronic inflammatory sinusitis (defined as CRS without evidence of tissue eosinophilia). Using this approach, NPs can be associated with one of these two conditions ([@B5]).

Compared to those exhibiting eosinophilic inflammation, inflammatory patterns in non-eosinophilic NPs have been less thoroughly investigated. Non-eosinophilic NPs can be divided into several phenotypes, of which the neutrophilic phenotype is the best characterized. The mechanisms that drive these unique regional phenotypic differences are not yet clear, although recent studies suggest that a genetic component may be involved. Larger investigations of the general population are needed to investigate the factors that contribute to CRS pathogenesis and morbidity.

The role of innate immune cells in CRs
--------------------------------------

Numerous studies have been carried out to examine the role of innate immune cells in CRS pathology. Eosinophils play a key part, although many other immune cell types also have important functions in the pathogenesis of this condition. Eosinophils and other immune cells are recruited to the nasal cavity in patients with CRS, where they produce inflammatory mediators and induce pathologic changes in the respiratory mucosa. There are many factors that influence the production, migration, survival, and death of eosinophils ([@B24]). Expression of the cytokine IL-5 appears to be particularly important for these cells ([@B25]). In 1997, IL-5 was identified as a key cytokine in NP tissue, and its presence was demonstrated in eosinophils and associated with eosinophilia ([@B26]). In addition to their activation and survival, eosinophil recruitment into nasal tissue is another key process in the induction of eosinophilia. Chemokines are a large group of proteins that participate in the recruitment of immune cells into tissue by binding G protein-coupled receptors on their target cells. There are three known human eotaxin chemokines, namely, eotaxin-1 (CCL11), eotaxin-2 (CCL24), and eotaxin-3 (CCL26) ([@B27]). It has been reported that levels of each of these proteins are increased in patients with eosinophilic CRSwNP compared to healthy controls. Furthermore, several investigators have established a correlation between eotaxins and tissue eosinophilia in CRSwNP ([@B28][@B29]). These results indicate that eotaxins are key chemotactic factors acting on eosinophils in this condition. The effect of hypoxia and anoxia on NP-derived fibroblasts has been demonstrated previously. In these cells, hypoxia results in increases in vascular endothelial growth factor, TGF-β, IL-8, and eotaxin-1, the latter being involved in eosinophil recruitment ([@B30]). Indeed, chemokines not only contribute to the orchestration of cellular interactions in CRS, but are also key biomarkers of the diverse endotypes of this disease.

Moreover, it has recently been reported that hypoxia modulates human eosinophil function. However, to the best of our knowledge, no study has been performed to test the existence of a direct link between eosinophils and hypoxia in CRS ([@B31]). The mechanism underlying enhanced eosinophil survival in hypoxic microenvironments needs to be further explored.

Mast cells have also been examined in the context of CRS because of their ability to recruit eosinophils and basophils and produce biological mediators that can induce vasodilation and tissue edema. Takabayashi et al. found that mucosal epithelial mast cells have a tryptase phenotype ([@B32]). Cao et al . also reported significantly increased numbers of tryptase-positive mast cells in the epithelia of eosinophilic NPs in Chinese patients ([@B33]). These recent findings indicate that tryptase-positive mast cell presence is highly elevated in the epithelia of individuals with eosinophilic CRSwNP. However, the specific role of the epithelial layer in the direct activation of mast cells remains unclear. It may be hypothesized that epithelial cells produce a combination of cytokines in response to different stimuli that directly induces mast cells and other immune cells to in turn release Th2 cytokines ([@B22]).

Furthermore, the number of basophils, which often have a close relationship with mast cells, has recently been shown to be increased in NP tissue ([@B34]). Thus, the increased presence of eosinophils, basophils, and mast cells in nasal mucosal tissue suggests that these cells are implicated in sinus disease pathogenesis. Treatment that eliminates the recruitment and activation of immune cells might therefore be expected to exert beneficial effects for patients with CRS.

THE NASAL EPITHELIUM IN CRS --MUCH MORE THAN A PASSIVE BARRIER
==============================================================

Alterations to epithelial barrier function
------------------------------------------

The respiratory epithelium constitutes the barrier between external and internal environments and is crucial for the protection of the sinonasal mucosal interior milieu. The most basic function of the epithelium relies on its ability to form tight junctions between cells, creating a physical barrier between the airway lumen and subepithelial tissue. Tight junction-associated proteins, such as zona occludens-1, junctional adhesion molecule-A, cingulin, occludin, and claudins, are central to epithelial cytoprotection at the cellular level. Decreased epithelial cohesion and integrity can allow entrance of pathogens and environmental antigens into the sinonasal mucosa. Several studies have examined sinus mucosal function and integrity in patients with CRS ([@B35][@B36]).

Hypoxia-induced epithelial-to-mesenchymal transition (emT)
----------------------------------------------------------

Sinonasal mucosal inflammation and swelling cause blockage of the sinus ostia, compromising the normal ventilation of the sinuses. Thus, such processes may generate an environment of reduced oxygen tension. In 2012, Shin et al . ([@B37]) reported that hypoxia-inducible factor (HIF)-1 mediates nasal polypogenesis by inducing EMT. HIF activation was observed in primary human epithelial and RPMI 2650 cells exposed to hypoxia (1% oxygen tension), as a result of which, all cells underwent EMT. EMT is a process in which epithelial cells lose their epithelial character and develop mesenchymal properties. During EMT, the epithelial marker protein E-cadherin is down-regulated, while the mesenchymal markers N-cadherin and Snail are up-regulated. Recently, Hupin et al . also documented features of EMT in CRSsNP and CRSwNP patients ([@B38]). In more recent work, Lee et al . ([@B39]) investigated the role of sirtuin 1 (SIRT1) in NP formation using an animal model of CRS. SIRT1 was found to fine-tune cellular responses to hypoxia by deacetylating HIF-1α and HIF-2α ([@B40][@B41]). In addition, resveratrol (a SIRT1 activator) treatment suppressed nasal polypogenesis in C57BL/6 mice ([@B42]). According to these results, HIF-1 inhibitors and SIRT1 might represent therapeutic targets for the treatment of nasal polyposis due to their inhibition of HIF-1-induced tissue remodeling ([@B37]).

Epithelial-derived cytokines in CRs
-----------------------------------

There is considerable evidence of epithelial cell activation in patients with CRS. Although not traditionally considered immune cells, epithelial cells play a critical role in the innate immune response ([@B43]). The cytokines IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) are produced and released by nasal epithelial cells in response to various stimuli or cellular damage. These epithelial-derived cytokines can affect both innate and adaptive type 2 immunity and cause remodeling of and pathological changes in the upper airways, suggesting pivotal roles in the pathophysiology of CRS.

The IL-17 cytokine family includes six members, which exhibit pro- and anti-inflammatory activities ([@B44][@B45][@B46][@B47][@B48]). Of these, IL-17E (also known as IL-25) has recently drawn much attention ([@B49]). Intraperitoneal or intranasal administration of IL-25 results in the presence of eosinophils and Th2 cytokines in bronchoalveolar lavage fluid and lung tissue *in vivo* ([@B50][@B51][@B52]). Moreover, blocking IL-25 decreases eosinophil accumulation and Th2 cytokine production in a murine model of NPs and asthma ([@B53][@B54]). Lam et al . reported that IL-25 mRNA levels are significantly elevated in ethmoid sinuses in CRSwNP compared to CRSsNP and controls. Similarly, IL-25 mRNA and protein expression is increased in NP mucosa in Korean patients. Furthermore, IL-17 receptor levels are heightened in the immune cells of patients with NPs compared to control subjects, indicating that IL-25 may contribute to tissue remodeling and CRSwNP pathogenesis. ([@B54]). In contrast, Miljkovic et al. reported IL-25 mRNA levels to be significantly decreased in NPs compared to the ethmoid sinuses of control subjects and CRSsNP patients ([@B55]).

IL-33, a member of the IL-1 superfamily of cytokines, is expressed by epithelial cells and is up-regulated in response to pro-inflammatory stimulation. The IL-33 protein localizes to the nucleus in producing cells, and there is no evidence to suggest its cytoplasmic localization. Recently, induction of IL-33 has been observed in epithelial cells from patients with CRS ([@B56]). IL-33 receptor is expressed on memory Th2 cells, mast cells, basophils, and NK T cells ([@B57][@B58]). It has been reported that IL-33 mRNA is highly expressed in nasal mucosa but its levels are not elevated in NPs ([@B55][@B59]). More recently, Kim et al. described increased expression of IL-33 mRNA and protein in patients with CRSwNP. Interestingly, the concentration of IL-33 protein in CRSwNP positively correlates with neutrophil number and the expression of several Th1 and Th17 inflammatory markers ([@B60]).

Like IL-33, TSLP is a cytokine most abundantly expressed by cells of the epithelium. Nagarkar et al. and Allakhverdi et al . found TSLP activity to be higher in NPs than in control tissue ([@B14][@B61]). Moreover, prolonged allergen exposure has been associated with upregulation of TSLP in an ovalbumin/staphylococcal enterotoxin B-induced CRS model ([@B62]). Given these findings, further work is needed to extensively characterize the cytokine environment in CRSsNP, as well as CRSwNP patients. Thus, the upper airway epithelium can no longer be regarded merely as a structural barrier, but should be considered an active player in the pathogenesis of CRS.

As described above, IL-25, IL-33, and TSLP represent a novel array of epithelial pro-inflammatory cytokines that promote Th2 inflammation in the upper airways and could serve as therapeutic targets in CRSwNP. The epithelial barrier alterations and epithelial-derived inflammatory cytokines that drive innate Th2 inflammation have not been fully investigated in the clinical context of CRS ([Fig. 1](#F1){ref-type="fig"}). Recently, preclinical models, mouse and rat models in particular, have been widely used to understand the mechanisms underlying human diseases. As experimental allergens, most research groups have utilized and confirmed the efficacy of ovalbumin and house dust mite extract in combination with *Staphylococcus aureus* enterotoxin B to induce eosinophilic CRS with nasal polypoid lesions. Therefore, further evaluation of candidate therapies for the treatment of CRS could be accelerated using animal models of CRS and NPs ([@B63][@B64][@B65]).

CONCLUSIONS
===========

CRS is a complex inflammatory condition and many factors contribute to its development. Although recent research efforts have expanded our understanding of its pathogenesis, further investigations of immune cell responses and epithelial function in normal and pathologic sinonasal mucosae are necessary. In addition, the preclinical and clinical application of such knowledge of the immunologic changes taking place in CRS could facilitate the development of novel therapeutic strategies to improve its treatment.
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CRS

:   chronic rhinosinusitis

NP

:   nasal polyp

CRSwNP

:   chronic rhinosinusitis with nasal polyps

CRSsNP

:   chronic rhinosinusitis without nasal polyps

HIF

:   hypoxia-inducible factor

TSLP

:   thymic stromal lymphopoietin

SIRT1

:   sirtuin 1

![Altered epithelial barrier function contributes to type 2-mediated inflammation in chronic rhinosinusitis and nasal polyps. Several factors, including allergens, bacteria, viruses, and fungi can activate nasal epithelial cells to produce innate cytokines that activate type 2 innate lymphoid cells. IL-5 derived from these latter contributes to airway eosinophilia, whereas IL-13 acts directly on the epithelium to drive goblet cell metaplasia. IL-4 promotes IgE production by B cells, which causes mast cell and basophil activation. Mast cells activate fibroblasts to produce collagen fibers. In addition, mast cells produce mediators that can induce vasodilation and tissue edema. Nasal epithelial cells can also undergo epithelial-to-mesenchymal transition under hypoxia, as observed in chronic rhinosinusitis and nasal polyps. EMT, epithelial-to-mesenchymal transition; ILC2, type 2 innate lymphoid cell.](in-17-60-g001){#F1}
